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Tethered top of water column












Turbulent Kinetic Energy = TKE = 0.5 (standard deviation)2 
Focal point of a trout 
in a stream 

































































































































































































Small	cylinders	 0.09	 0.01	 0.0001	
Medium	cylinders	 0.25	 0.09	 0.0087	
Large	cylinders	 0.69	 1.32	 1.76	
Comparison	–	Flow	to	Fish	
Eddy diameter >> fish length 
Eddy diameter ≈ fish length 
Eddy diameter << fish length 
Eddies of the range 0.5 
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Figure 1 | Aquatic swimming. a, The organisms considered here (Supplementary Information) span eight orders of magnitude in Reynolds number and
encompass larvae (from mayfly to zebrafish), fish (from goldfish, to stingrays and sharks), amphibians (tadpoles), reptiles (alligators), marine birds
(penguins) and large mammals (from manatees and dolphins to belugas and blue whales). Blue fish sketch by Margherita Gazzola. b, Swimmer of length L
is propelled forward with velocity U by pushing a bolus of water14,20,24 through body undulations characterized by tail beat amplitude A and frequency !.
c, Thrust and drag forces on a swimmer. Thrust is the reaction force associated with accelerating (A!2) the mass of liquid per unit depth ⇢L2 weighted by
the local angle A/L (therefore ⇢LAmay be understood as the mass of liquid channelled downstream). For laminar boundary layers, the drag is dominated
by viscous shear (skin drag), whereas for turbulent boundary layers, the drag is dominated by pressure (pressure drag).
As most species when swimming at high speeds maintain an
approximately constant value of the specific tail beat amplitudeA/L
(refs 8,11), relation (2) reduces toU/L⇠ f , providing a mechanistic
basis for Bainbridge’s empirical relation.
In Fig. 2a, we plot all data from over 1,000 di erent
measurements compiled from a variety of sources (Supplementary
Information) in terms of Re and Sw, for fish (from zebrafish
larvae to stingrays and sharks), amphibians (tadpoles), reptiles
(alligators), marine birds (penguins) and large mammals (from
manatees and dolphins to belugas and blue whales). The organisms
varied in size from 0.001 to 30m, while their propulsion frequency
varied from 0.25 to 100Hz. The dimensionless numbers we use
to scale the data provides a natural division of aquatic organisms
by size, with fish larvae at the bottom left, followed by small
amphibians, fish, birds, reptiles, and large marine mammals at the
top right. We see that the data, which span nearly eight orders of
magnitude in the Reynolds number, are in agreement with our
predictions, and show a natural crossover from the laminar power
law (1) to the turbulent power law (2) at a Reynolds number of
approximately Re' 3, 000. To understand this, we note that the
skin friction starts to be dominated by the pressure drag when
the thickness of the laminar boundary layer is comparable to half
the oscillation amplitude. Therefore, a minimal estimate for the
critical Reynolds number Recritical associated with the laminar–
turbulent transition is given by the relation   ' A/2. For a flat
plate26   = 5p⌫L/U and given a typical value of A/L= 0.2, we
obtain Recritical ' (10L/A)2 = 2,500, which is in agreement with
experimental data.
Naturally, some organisms do not hew exactly to our scaling
relationships. Indeed, sirenians (manatees) slightly fall below the
line, whereas anuran tadpoles lie slightly above it (Supplementary
Information). We ascribe these di erences to intermittent modes
of locomotion involving a combination of acceleration, steady
swimming and coasting that these species often use. Other reasons
for the deviations could be related to di erent gaits in which part or
the entire body is used, as in carangiform or anguilliform motion.
Moreover, morphological variations associated with the body, tail
and fins may play a role by directly a ecting the hydrodynamic
profile, or indirectly bymodifying the gaits. However, the agreement
with our minimal scaling arguments suggests that the role of
these specifics is secondary, given the variety of shapes and gaits
encompassed in our experimental data set.
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Figure 2 | Scaling aquatic locomotion: measurements. a, Data from
amphibians, larvae, fish, marine birds and mammals show that the scaled
speed of the organism Re=UL/⌫ varies with the scaled frequency of the
oscillatory propulsor Sw=!AL/⌫ according to equations (1) and (2) over
eight decades. Data fit for the laminar regime yields Re=0.03Sw1.31 with
R2=0.95, and for the turbulent regime yields Re=0.4Sw1.02 with
R2=0.99. b, The Strouhal number St= fA/U, with f=!/2⇡ , depends
weakly on Reynolds number St⇠Re 1/4 for Sw< 104 (blue) and is
independent for Sw> 104 (red), consistent with our scaling relationships
and earlier observations30.
Because aquatic organisms live in water, testing the dependence
of our scaling relationships on viscosity requires manipulating
the environment. Although this has been done on occasion27
and is consistent with our scaling relations (Supplementary
Information), numerical simulations of the Navier–Stokes
equations coupled to the motion of a swimming body allow us to
test our power laws directly by varying Sw via the viscosity ⌫ only
(Supplementary Information). In Fig. 3, we show the results for
two-dimensional anguilliform swimmers28,29. The data from our
numerical experiments straddle both sides of the crossover from the
laminar to the turbulent regime and are in quantitative agreement
with ourminimal scaling theory, and our simple estimate for Recritical.
To further challenge our theoretical scaling relationships, in Fig. 3,
we plot the results of three-dimensional simulations performed by
various groups using di erent numerical techniques19,22,24,28; they
also collapse onto the same power laws (details in Supplementary
Information). The agreementwith both two- and three-dimensional
numerical simulations, which are not a ected by environmental
and behavioural vagaries, gives us further confidence in
our theory.
Traditionally, most studies of locomotion use the Strouhal

























Figure 3 | Scaling aquatic locomotion: simulations. a, Two- and
three-dimensional direct numerical simulations of swimming creatures
confirm equations (1) and (2). Circles correspond to two-dimensional
simulations, while squares correspond to three-dimensional simulations
(details about sources and numerical techniques can be found in the
Supplementary Information). In the case of two-dimensional simulations, a
data fit for the laminar regime yields Re=0.04Sw4/3 with R2=0.99, and
for the turbulent regime yields Re=0.43Sw with R2=0.99. Remarkably,
three-dimensional simulations performed by various groups19,22,24,28 and
with di￿erent numerical techniques (Supplementary Information) confirm
our scaling relations (Re=0.02Sw4/3 with R2= 1.00, and Re=0.26Sw with
R2=0.99). b, For several Sw we display the vorticity fields (red—positive,
blue—negative) generated by a two-dimensional anguilliform swimmer
initially located on the rightmost side of the figure.
characterize the underlying dynamics. Although this is reasonable
for many engineering applications such as vortex shedding,
vibration and so on, in a biological context it is worth emphasizing
that St confounds input A–! and output U variables, captures
only one length scale by assuming A⇠ L, and does not account
for varying fluid environments characterized by ⌫. For biological
locomotion, Sw is a more natural variable as it captures the
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Fig. 2. Schematic of a possible closed path setup for circulation
measurement
circulation measurements around airfoils. Weber et al. (1995)
utilized a setup similar to Schmidt’s to measure the circulation
around a dynamically pitching airfoil. That study proved that
transit time differences as small as 100 nanoseconds can be
measured and the ultrasonic method is capable of characteriz-
ing circulation in time-varying flows.
Schmidt’s developments presumed that the vorticity was all
contained within a compact region such that the overall flow
field behaved in a knownmanner; namely, the potential vortex.
Moreover, the precise location of the vortex core is required if
the distance between the two transducers is not significantly
greater than that between the vortex core and the ultrasonic
path. These difficulties amount to minor errors in well-behaved
flows with a stationary vortex such as that associated with the
bound circulation of airfoils. On the other hand, in cases where
the velocity distribution is not known or the vortex is free to
move in space, the just-described method suffers diminished
accuracy. The situation is even less clear in cases where
multiple vortices exist in the flow field. The measured time
differences cannot be directly related to the circulation of each
individual vortex without making further assumptions.
2.2
Closed path
The method described herein, while based on Schmidt’s work,
overcomes the above difficulties. The method utilizes ultra-
sonic pulses that travel in a continuous closed path around the
vortex. The closed path can be achieved by the reflection of
ultrasonic pulses from the interior surfaces of a duct or by
reflectors placed within the flow, as shown in Fig. 2. The
reflection follows Snell’s law since narrow ultrasonic pulses
behave substantially as geometric rays with divergence angles
of only a few degrees. The time of travel between the
transmitter and the receiver is measured accurately for pulses
traveling in the direction of vortex rotation and against it. As it
is shown below, the difference between the two travel times
is linearly proportional to the calculation contained within
the closed path. By varying the area enclosed by the closed
path, the distribution of circulation can be found as well.
Improvements in ultrasonic flowmeter technology have
enabled measurement of time differences of the order of few
nanoseconds such that circulation measurements can be made
in laboratory scale experiments involving liquids.
The ultrasonic circulation measurement technique consists
of measuring the transit time of ultrasonic pulses traveling in
the sense of vortex rotation (T
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where V(l) is the local fluid velocity component along the
closed path. By taking the difference between these two transit
times, an expression for the line integral of velocity along the











Therefore, circulation is linearly proportional to the transit
time differenceDT as long as the ratio (V/a) remains small, say
less than 0.1. This condition is invariably satisfied for aqueous
flows and low speed flows in air especially since V is the
velocity component along the closed ultrasonic path and not
necessarily the freestream velocity. If the two transit times are
added together, then the sum of line integrals results in the














This relation is quite helpful since the local sound speed may
not be known at any given time instant. Once the total path
length P is known as well as the two transit times, both the local
sound speed as well as the circulation can be calculated. Since
circulation C is the line integral of velocity around a closed
path, the transit time difference relation simplifies to
C{{V(l) dl\0.5a2DT\0.5A2PRTB2DT\2C PRTD2DT (8)
This last expression allows for the direct computation of
circulation from accurately measurable transit time difference
DT ’s andRT ’s without the need for any calibration constant or
the knowledge of the local sound speed. It is noteworthy that
the closed path should lie in a plane perpendicular to the
vortex axis. This method of circulation measurement has
several advantages over the straight path described earlier. The
precise location of the vortex relative to the ultrasonic path
is not needed. The technique measures the total circulation
enclosed by the path. Moreover, a priori knowledge of the
vorticity distribution or the induced velocity behavior is not
assumed in the closed path scheme. The issue of multiple
vortices in the flow field is also resolved because the measured
time difference is linearly proportional to the algebraic sum of
all the vortex circulations enclosed by the path.
There are several issues regarding the circulation measure-
ments that need to be addressed here. Although the require-
ment that the local fluid velocityV be small in comparison with
the local speed is satisfied in the practical aqueous flows,
velocities in air flows may be comparable with the sound speed.
In such cases, the denominator in the integral of Eq. (6) does
not reduce to unity. In fact, if on average V+a, then the
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Johari	and	Durgin	(1998)	
FishPass Conceptual Design 
•  Turbulence	is	measured	in	several	ways	that	can	lead	to	
contradictory	biological	impacts.		
	
•  Need	new	unifying	reference	frame	to	evaluate	fish	responses	
to	turbulent	flows	->	A	physical	framework	to	link	flow	
conditions	to	fish	responses	is	proposed.		
	
•  Based	on	dimensionless	parameters	to	allow	applications	for	a	
wide	range	of	length	and	time	scales.		
	
•  Future	steps	require	the	acquisition	of	more	field	data	using	
different	instruments	as	there	is	a	need	to	move	away	from	
point	measurements.		
Summary	
Questions?	
